Nitrosoguanidine-induced manganese-resistant mutants Mnr 101, Mnr 107, Mnr105, Mnr193, Mnr2-15 and Mnr2-7 of Azospirillum brasilense were isolated and used for associative nitrogen fixation with cheena (Panicum miliaceum L.) genotype RAU M6 in acid soil (pH 5.3). Three of the Mn-resistant mutants (Mnr105, Mnr193 and Mnrl01) showed crossresistance to aluminium (2.5 ppm) and neomycin (15-50 µg/ml) but not to streptomycin except Mnr 101 and Mnr 107. It is also suggested that these three mutants may be most suitable for nitrogen economy in acid soils having various pH and associated factors of acidity.
Among divalent cations, manganese has been shown to be mutagenic in bacteria, bacteriophage, yeast and cyanobacterium (9, 24, 25, 34) . The toxicity and mutagenic effects of manganese in A. brasilense are not known. Sufficient intrinsic variability appears to exist among different strains of Azospirillum. In this study, manganese-resistant mutants of those strains were used to determine their growth, nitrogen fixation and relative efficiency of associative nitrogen fixation in acid soil.
MATERIALS AND METHODS
Microorganism. Azospirillum brasilense RAU 1053 is an isolate of this laboratory and is routinely grown in modified N2-free semi-solid sodium malate medium (26).
Growth conditions. A. brasilense RAU 1053 was grown in the liquid N-free medium of DoBEREINER et al. (3) . The medium contained 5.0 g of malic acid, 0.5 g of K2HPO4, 0.2 g of MgSO4.7H2O, 0.1 g of NaCI, 0.02 g of CaCl2, 0.002 g of Na2MoO4 2H2O, 4.0 ml of Fe EDTA (1.64 % w/v, aqueous), 3.0 ml of bromothymol blue (0.5 % w/v in ethanol), 0.5 g of KOH, 0.1 mg of biotin, in 1 l of water double distilled in glass. Different concentrations (1.0 to 8.0 mM) of MnCl2 4H2O (British Drug House, India) were incorporated in the liquid medium after autoclaving. The pH was adjusted to 6.5. The growth and nitrogen fixation efficiency were determined under micro-aerophilic conditions at 28+1°C after 5 days incubation. Growth was measured by O.D. at 560 nm and protein was measured with the Folinphenol reagent.
Mutation. A fresh culture of A. brasilense RAU 1053 in N-free broth was washed and suspended in phosphate buffered saline (PBS, pH 7.2). Culture suspensions (2 ml) containing 5.6x 106 cell/ml was treated with 35 µg/ml of N-methyl-N'-vitro-N-nitresoguanidine (MNNG) for 20 min at 30°C with another 2 ml of the culture kept as untreated control. Both cultures were washed and diluted separately in 15 ml of N-free medium and grown at 28±1°C in micro-aerophilic conditions for 24 hr. Both cultures were washed and resuspended in 2 ml of N-free lactate medium and 0.2 ml (i.5-2.6x 106 CFU) was plated on lactate agar medium containing 12 mM MnC12 and incubated at 28±1°C for a period of 10 days in microaerophilic conditions. Six clones of mutagenized culture were isolated and designated as Mnr 101, Mnr 107, Mnr 105, Mnr 193, Mnr2-15 and Mnr2-7. The frequency of mutation was 1.7>< 106. These mutants were grown with or without 12 mM MnC12 for 15 subcultures and they all proved to be stable mutants.
Growth, nitrogenase activity, hydrogenase activity and N2 fixation efficiency of mutant strains in broth culture containing 12 mM MnCl2. All the mutant strains were grown for 5 days in N-free lactate medium containing 12 mM MnC12 and growth (O.D, at 560 nm) was observed. Nitrogenase activity was determined according to the method of OKON et al. (23) . The hydrogenase activity (H2 uptake) was measured in 10 ml vials using 3 ml of 5 day-old cultures grown in 12 mM MnCl2 on H2 concentration of 1 % (v/v). These samples were incubated for 1 hr and 0.2 ml of the gas phase from each vial was removed for H2 analysis by gas chromatography (37). Nitrogen fixation/mg of protein was determined as described by VOLPON et al. (37) .
Testing the metal and antibiotic sensitivity of the Mn-resistant mutant strains. Sensitivity of the mutant strains to metal (A13+) or antibiotics was tested by the "liquid culture test" in N -free lactate medium . Different concentrations (1.5 to 2.5 ppm) of A13+ (Aid13) with constant concentration (12 mM) of MnC12 were filtersterilized prior to their addition to the medium. The antibiotics used were streptomycin and neomycin (Sigma Chemicals, USA). To avoid thermal decomposition, all the antibiotics were dissolved in sterile water and filter-sterilized through a 0.22 µm pore size membrane filter (Millipore Filter Corporation, Bedford, USA). Desired levels of the respective antibiotics were obtained in N-free lactate medium. The selection of the concentration range of different antibiotics and aluminium chloride was based on a prior testing of sensitivity of the parent and mutant strains.
Testing of associative nitrogen fixation efficiency of mutant strains in pot culture experiments. To evaluate the differential response of mutant strains and the parental strain of A. brasilense to nitrogenase activity, their relative efficiency of nitrogen fixation, and the nitrogen content of plant and dry matter yields of plants, five plants of cheena (Panicum rniliaceum L.) variety RAU M6 were raised separately under sterile acidic soil (15 kg soil/pot). This variety has developed tolerance to soil acidity. The pH of the soil varied from 5.1 to 5.3. The exchangeable cations (meq/100 g of soil) such as Ca, 1.8, K, 0.15, Mg, 0.12, Al, 0.11 and Mn, 0.19 were determined. Surface sterilized seeds were inoculated with each mutant strain and the parental strain of A. brasilense before sowing. Nitrogen and phosphorus were applied at the rate of 20 kg N/ha (normal dose 40 kg/ha) and 40 kg P005/ha in the form of urea and single superphosphate. It was found by the plate counting method that each seed was inoculated with approximately 106 CFU of each strain. Plants were uprooted 35 days after sowing and the nitrogenase activity of the excised fresh roots (3-5 cm long) was determined by acetylene reduction and gas chromatography (5). Total nitrogen for the plants was determined by the micro-Kjeldahl method. The relative efficiency of nitrogen fixation was also measured and calculated by the method of EVANS et al. (10) . Mutant strains were re-isolated from the roots and it was noted that their ability to grow in 12 mM MnC12 had not changed.
RESULTS
Azospirillum brasilense RAU 1053 (parental) showed a declining pattern of growth and nitrogen fixation at and beyond 1 mM MnC12, which ultimately tailed off at 5.0 mM. Pronounced and better growth was found in 0.002 mM Mn and subsequent increase in the Mn concentration inhibited growth and nitrogen fixation (Table 1) .
Nitrosoguanidine-induced manganese-resistant mutant strains (Mnr101, Mnrlo7, Mnr105, Mnr193, Mnr2-15 and Mnr2-7) of A. brasilense were isolated and characterized for growth, N2ase activity and hydrogenase activity in batch cultures containing 12 mM MnCI2. The mutant strains varied in all the studied characters ( Table 2) . Out of the six mutants, Mnr 193 increased the most as well as the most significantly in all characters, followed by mutants Mnr 105 and Mnr101. Mutants Mnr2-7 and Mnr2-15 were found to be very poor nitrogen fixers. Mutant strains Mnr 193, Mnr 105 and Mnr 101 showed a good deal of crossresistance to A13+ (12 mM MnCl2--;--2.5 ppm A13+) which was otherwise toxic to the A. brasilense RAU 1053 (parental) and other mutant strains. Lower levels of A13+ were lethal and growth was reduced in some mutants (Table 3) . Parental and mutant strains differed among themselves with respect to different concentrations of streptomycin and neomycin (Table 4) . A. brasilense RAU 1053 showed 45 % survival at 50 ug streptomycin/ml whereas at this concentration no growth was recorded for Mn-resistant mutants except Mnr101 (3.5 %). All the strains except the parent showed increased resistance to neomycin (5-50 ,ug/ml) but the percentage survival of the mutants and parental strains were significantly different. It is also evident that Mnr193, Mnr2-15 and Mnr2-7 were significantly more resistant to neomycin than the other mutants.
Nitrogenase activity, relative efficiency of nitrogen fixation of excised roots, N content of plants, and the dry matter yield of plants inoculated with Mn-resistant mutant and parental strains after 35 days increased significantly over the uninoculated control. This indicates that the sterilized soil was free of nitrogen fixing organisms (Table 5 ). The data in Table 5 
Mn-resistant Mutants of A, brasilense
Growth of mutant strains in media supplemented with A13+, streptomycin and neomycin.
genase (H2 uptake) activities in batch cultures or in association with cheena roots, whereas poor N2-fixing determinants may be triggered in mutants Mnr2-7 and Mnr2-15. All the mutants are stable because they have been maintained on N2-free medium without manganese for several subcultures.
Nitrogenase from all known sources catalyzes an ATP-dependent reduction not only of N2 to NH3 but also of protons to H2. This H2 loss results in an inefficient use of the energy provided by the organism to the N2-fixing process. A. brasilense strains SP 7 does not release H2 while growing on H2(3). Mutant strains Mnrl93 and Mnr105 showed maximum hydrogenase activity (Table 2) .
Manganese is one of the requirements for normal growth of microorganisms. However, when administered at high concentrations in the growth medium, manganese becomes toxic (Table 1) . Manganese interferes with cell division, probably at the level of genome replication in cyanobacteria (34). The mutants varied in their sensitivity to streptomycin, perhaps reflecting genetically controlled strainspecific differences. Inability to induce streptomycin-resistant mutants may be due to the fact that such mutants are not preferentially induced by MNNG which is believed to cause frame-shift mutations. It is well known that streptomycin can cause ambiguity in the translation of mRNA as a consequence of interaction with the 30 S ribosome subunit (4, 8). Cadmium induced coresistance did not apply to all the antibiotics. In one instance it lead to increased resistance to gentamycin while in another, the metal-treated population was sensitive to streptomycin and chloramphenicol (19). Present observations support the above view that the Mn-resistant strains showed cross-resistance to neomycin and not to streptomycin, except the one mutant strain Mnr 101. The genetic basis of cross-resistance in Table 5 . Effect of mutant strains on associative N-fixation, relative efficiency of N2-fixation, N-content and dry matter yields of cheena plants in acid soil (pH 5.3).
bacterial systems has been linked with plasmids carrying determinants for resistance to certain metals as well as to penicillin (22, 32) . The successive transfer of the sensitive population in the metal-containing medium has also resulted in Al-tolerant strains of Chiorella pyrenoidosa (15) and Ni-and Cu-tolerant strains of Scenedesmus and Chlorella (12) . In the present study, Mn-resistant mutants Mnrlol, MnrlOS and Mnr193 showed cross-resistance to Alt
In addition to its presence in root hairs and epidermal cells, A. brasilense occurs as a micro-aerophilic N2-fixer in cortical cells and in the xylem vessels of chick pea and cheena (14, 28, 29) . It is evident from the present results that colonization and N2-fixation by mutant strains in the root hairs of cheena (Table 5) depend on the genetic make-up of both partners and their interaction is genetically controlled. Mn-resistant mutants may be beneficial in nitrogen economy for cereals, forage crops and legumes, particularly in acid soils. 
